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Abstract

This paper proposes two solutions for the control of
telerobots, in which master and slave are connmect ed
through a communication system that int roduces a
variable delay. This is the typical case of packet-
swit ched networks (e.g.  Internet), in which the de-
lay variesin an unpredictible way. So far, only con-
stant delay has been considered in the design of the
controllers for tclerobots, and the known techniques
may fail in case of variable delay. We propose Lere
two controllers that ensure stable behaviour of the
telerobot in case of variable delay.  The first one,
basal on a particular Lyapunov function, is designed
for posit ion-e1ror-based force-fecdl)ack configuration,
while the second, exploiting passivity and wave decomn-
position, is designed for direct forcel-fec(l)ack systems.
Fori nal proofs are accompained by prelimitiary exper-
imental results obtained with an Inter net-connected
teleoperator.

1 Introduction

In several applications of telerobots, t he comt nu-
nication system introduces a variable delay. This is
the case of submarine robots, controlled from the sca
surface level through a sonar-like connmunication sys-
tem, in which the delay increases as the reimot e robot
goes decper. Also, space operations have a cominu-
nication delay that) varies with the distance between
orbiting device anid Farth. Recently, the use of ISIIN
and packet-switched communication systems has been
proposcd and demonstrated to conmect a master sys-
tem with a ret note slave. In particular, Internet-based
communication are now allowing millions of users to
interact with cachother by exchanging t extual, audio
and video information. A major breakthrough would
be to makeuse of this obiquitous communication sys-
tem in telerobotic applications. As proposedin [7],
this would open the way to more affor dable applica-
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tions of teleoperated systems in several fields, such as
health care [4], tele-medicine, collaborate ive design [3],
enterteinment and teleconferencing. Several test has
been conducted on Internet-trased [12] and ISDN-
based [10] t eleoperators, showing that the communi-
cation delay can be characterized by a slowly varying
average value plus a fast-yarying, ratidom part.

So far,t herescarchont he control of telecoperators
with communication delay has dealt only with coun-
stant delay [1, 11, 6]. Since it has been demonstrat ed
that the variability of the delay coustitutes an addi-
tional source of instability [9], then the design of the
cont roller for atcleoperatormust take int o account
this characteristic.

This paper addresses the problem of the stabiliza-
tion of telcoperators with variable communication de-
lay. Themodel of the telcoperator with variable comn-
municationdelay is introducedin Sect ion 2. For such a
syst e, t wo typical configuration are considered in the
following. In part icular, Sect ion 3 reports t he design
of a decentralized st ate feedback for a position-error-
based force-feedback scheme, while t he problein of t he
st abilizat ion of a teleoperat or with direct, i.c. sensor
I rased, force feedback is addressed in Section 4. Scc-
t ion b presents an experimental result obt ained with
one of the proposed control schemes. Finally Section 6
summarizes the paper and presents our plans for fu-
t ure rescarch in this area.

2 Teleoperator with variable communi-
cation delay

The complete model of a telerobot with variable
commutjcation delay is shown in Figure 1. Here, y,),
and y, are the variables exchanged between master
and slave. It is worthnoticing that 7y (t) is usually
different from 73 (1), If lincarity is assumed, this model
can be simplified by collapsing, the two delays into  a
single one, arbitrarily located in the forward direction.
Another simplification is t o have twoidentical delays
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lay
t-h (t o
%Mll Slave

7
* (t-h (1)

[ Master )"](l)

I 4
yg(t-h (t) ¥(©
I L A

/

Figure 2: Simplified model of telerobot with variable
communication delay.

in both directions, each of them with a value L(t) =
%(Tl ®+ T2 (1), as showninFigure 2. From the point
of view of the stability, in case of linearity, all the
models are equivalent and the most suitable ones are
used in the following sections.

As a further simplification of the problem, a single
degrec-of-freedom (dof) system is considered, since the
results canbc easily extended to multi dof systems.

3 Controller for positic}n-error-based
force-feedback telerobot

We consider the standard position-based force feed-
back scheme [5] , and we proposc a new decentralized
controller basal on state variables feedback. In this
scheme, the forces acting 011 the mast er are propor-
tional to the difference between the position of the
master and that of the slave. For simplicity, we con-
sider the single dof system shown in Figure 3 (with the
communication delay modeled as in Figure 2), whose
sl)acc:-state equationsare given by:

E] . {i?] = A].'IT] (f) 4 .B] Uy (f) + A21 :I,‘Q(f - ]I(f)) (] )
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Figure 3: Position-based force feedback

where @7 and @9 represents the full state of master
and slave, respectively (ie. @y = [a,,4,]7, 2y =
[45, j:s]"'), uy and uy are the inputs to the sub-systems.
The matrix cocflicients of the state equations are given

by:
0 1 0
AJ:[O »L} ;1”1:[,1 ];
M, M.
0 0
Ay = [ Ky, ] ; (3)
. 0
0 1 0
Ay "[[)(,_ B, ] g Ba = [ 1 };
M. A
o 0
me 40 o) @
A7,

where Ky, represents the force feedback gain, K, rep-
resents the gain of the slave controller, and AM,,, B,,,
My, By represent masses and friction coeflicients of the
master and the slave.

For the system represented by equations (1) we pro-
posc the decentralized state feedback controller given
by the following equations:

(O ](1 a

{ uy = Komg (5)
where K=Ky (1), I (2)] and K2=[Ky (1), K»(2)]
are two gain vectors, as shown in Figure 4. Since state
feedback ensures correct tr acking only when reference
and feedback are multiplied by the same gain, it follows
that A, and Ay, depend 011 the controller gains:

0 0 0 0
Ay = [ Ki(l) ] ;o Ay = [ N (1) } (6)
o O o

Note that this constraint makes solution inethods such
as the one described in [14] inapplicable to a position-
hased force reflecting t elerobot.

The stat e equations (1) arerewrittenincompact
forin including the controller equations (5) as:

ca(t) = Aga(t) + Aqa(t — h(f)) @
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Figure 4: Block diagram of thestate feedback con-
troller.

where X represents the overall system,and the matrix
cocflicients arc:

A= | A i 0 ,
k= 0 Ay — LKy |

a= [ 0 A i st= [260] s)

The design criteria for the decent ralized feedback are
found using the following Lyapunov functional:

V(a,t) = at)" = (t)4

t
S / 2(0)"2(6)do > 0 (9)
— T Ji- h(1)
where we have:
W) <7< 1 Wt (lo)

The differentiation of equation(9)along t hesolution
of (7) yields:

V(’I 1) = 247 (Ak’l 4 Agmxp )+

) 1- h(f) 7
- &+ — T 11
+1 _F 1 —F Ty Ty ( )
where, to improve readability, we sel o =
xp = a(t - h(t)).
By using inequality

a(t) and

201 Agxy, < n:TAdA?,':I: - IIT;II‘.’Ifh (12)

equation @ 1) becomes

1
V('I ) <a [(QAA -+ Ad/l[,) + - 7]_].”].'1'4
%var;]l'[]” - ll——}( )]“]:lrh (13)

where 7, is a rank-n identity matrix.

The asymptotic stability of (7) is guaranteed if
\"(:r, 1) < 0.This inequality holds if t he matricesin
thetwo quadratic forms of theright side of (13) arc
both negat ive-definite. Givenequation (1 ()), t hecon-
troller must satisfy:

- 1
S=24, -t AgAT 1 7 <0 (14)

ondition (14) holds if all the eigenvalucs of the
matrix S are in Ke[s] <0, i.e.

ReXi(S) <0 vi (15)

Matrix S can be re-written in block form as:

| S Si2
S = [521 5 (16)

where:

a 2
Sy = " P X }
B [ G I G L R C VD EE Y

«a 2
Sy = N ol o (1) -
o [ oy sy’ o |

, . 0 0
Syp = Sy = [ 0 0 ] (17)

and 0 = ;1o

From equation (16) it follows t list matrix S has a
block diagonal structure and, therefore, the eigenval-
ues of S are the eigenvalues of cach block. Since both
blocks have the same structure and each gain only ap-
pears in the block relative to its controller, the solu-
t ion of equation (15) is significantly siplified, and it
is possible t o designindependent controllers for mast er
and slave.

Let’s now consider thie ul]~]Je-left block of (16). It
canberewritt enas follows:

G . - « 2 ¢ 2!\1(])
S Y S O T LR ¥ A
Ki(2) 1 B, I (1
1 = 2(5 (]\)1 Dy (8 1( )) as)

The cigenvalues of Sy are computed using its charac-
teristic polynomial:

det(sly- Si1) = s-t s(€&a1- 20)+4 2814 a?- &10 (19)

The equation (19) has roots with negative real part
if the equation coecficients are positive, i.e.

2 1 a? —&a > 0

&1 - 2a > 0 (20)

Re(X\ (S ))<0¢>{



The following stability conditions are then derived:

€ =
e 21
{ G > e v>2 (21)

where y is a free design parameter that influences the
performance of the teleoperator.

Fventually, from (21) we obtainthe values for the
feedback gains to be used inthe Controller (5).

1 ‘
Ki(1) > l[i-vanz (22)

2
K1(2) > vaM,, ﬁ(]) — I3, (23)
M,
The equat ion (22) arwd (23) have always a solut ion.
The same design procedure can be applied to the slave
controller, then, given a teleoperator with position er-
ror based force feedback and variable communication
delay, it is always possible to find a decentralized con-
troller (5) that stabilizes the system.

A first remark on the result obtained is that it guar-
antees the stability of the two subsystems (mast er and
slave) even incase of interruption on the communica-
tion link. In this case, we have Ayz= O in (7). The
stability of such a system is guaranteedin A;x < 0,
which is guarantecd by (13). Another remark is that
even if the proposed solution has been developed for a
telerobot with a position scale factor equal to 1, it is
still valid with different scale factors. Infact, if Ky is
the scale factor from the master to the slave, a 1 lock
with gain% must be placed on the return path from
the slave to” the master, in order to preserve consis-
tency and effectiveness of the force feedback. Then it
is casy to prove that stability is ot affected if I{;# 1.
Finally, it is worthnoticing that the stability depends
on the value of the time derivative of the delay, but
not on the value of the delay itself. This means that
we have provided a stability that is independent of
delay (1 OD).Thisimproves previous results ([6]), on
the cent rol of teleoperators with position-crror-hased
force-feedback, which dealt with const ant delays and
provided a non-analytical tool for the design of asta-
bilyzing compensator.

4 Stabilization of force-feedback teler-
obots

In this section we willintroduce a method t hatguar-
ant eest he stability of direct force-feedback wit ha vari-
able communication delay. This is an extension of the
method using passivity and wave scattering concepts
presentedin [1 1]. In that, paper,it is shownt hat the
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Figure 5: Communication systemn as a 2-port system

conununication system results passive if the so-called
wave variables are sent instead of the real velocities
and forces (the so-called power variables). The passiv-
ity of the communication system, iu turn, guarantees
the stability of the overall system. The communication
channel for the telerobot is a typical 2-port element,
as shown in Figure 5, where #,, is the master velocity,
F,, is the received force signal, d¢ is the slave veloc-
ity set-point and Fy is the force generated during the
interaction of the slave with the environment. 1t has
been demonstrated that such system may not be pas-
sive, but an appropriate decomposition of the power
variables into wave variables leads to a passive com-
munication system. The result in [11] does not hold
it case of variable communication delay, however the
concept of wave scattering can still be exploited in or-
der to get the overall passivity of the telcoperator.
Let us now recall some definitions. A system with
input vector x and output vector y, it is said tobe
passive if its power flow sat isfics t he following equation:

»
= SZIITI 4 Piss (24)
where I is a lower bounded energy function and Py
is a non-negative power dissipation termn.

When the 2-port element of Figure 5 is cousidered,
the power flow is:

) I R O (25)

By applying wave decomposition to the power vari-
ables, the power flow can be rewritten as follows:
1 4 1 . 1 4 1 .
) o 1 1 1 1
P-= o Um = 5V Ui 15U Us = S Vs (26)
We can notice that w,, and u, increase the power
flow into the system, while v, and vy decrease it.
Then, the first two can be interpreted as input vari-
ables, while the othier two can be interpreted as output
variables.
Equation (26) implicitly defines the following wave
variables:
1 . ,
uy,, = o (big, 4T
m B \/]'2[’ ( m Nl)

. . 27
Uy, - V20 (]/m - b‘":m ) ( )
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Figure 6: Wave transformations using master velocity
and slave force

L= L (W - biy
71 3 \/]2’1 (F L ; (28)
Us 7;,;( s 10xs

where b > 0 is a free design parameter.

We introduce now a modification to the original
scheme proposed in [11] by stating the following defi-
nition:

vy = \ﬂi_i”i]i “m(t -1 (1)) (29)
Ui, = \/]»’T{Iil; 'lls(t - 7‘2(1))

where 7ty and mg are the upper values of the time
derivative of the delays, ie.nu>Tand my > T,
respectively. Compared to the resulting [1 1], wein-
troduced an attenuation of the transmit ted wave vari-
ables. This attenuation preserves the passivity of the
system defined in the wave variables framework, that
is guaranteed if

‘Loq “1 4
/J—v" vdt 5/ —utudi (30)
0 2 w2

where u and v are the vectors of input and output
wave variables, respectively.

If we send the attenuated wave variables, as shown
in Figure 6, the power flow P results:

1. 1 .
D= 5“$" - Q- 7112)5“3(1' - Ty(t)
1, 1, .
56 - (1- m])éum(f - Ti(1)) (31)

We now consider the energy provided to the com-
munication system by the input wave variables:

! A ! 1.
E@) :/ 111,2“(1)(”-} / —ul(ydt (32)
2 - 1200 2

-1 (i)
If we compute its time derivative, we obtain:

de 1,

1 2
@ gt

(0) — [, -1 ()N - Ty (1)

I, 1 " e
S0 - [t = O - Ton)  (39)

since we have my > 71(t) and 1y > ’]"2(1), this implies
that for the system of Figure 6 it holds:
p> v
= odt
which is t he condition for t he overall passivity, since
it is cquivalent to condition (24). By knowing the up-
per value of the time derivative of the delay, it is then
possible to find a decomposition of the power variables
that ensures the overall st ability of the t elerobotic sys-
tem. From the block diagram of Figure G it is easy to
sce that there has been a trade-off between stability
and scaling in both velocity and force variables. Au-
other remark is that, asa consequence of the results
in (34), the communication channel is no louger loss-
lessasin [1 1], butdissipative, since the istantancous
values of 71and 7% canunot be known.

(34)

5 Experimental results

‘1’0 prove the validity of the proposed solutions, an
experimental setup was implemented. It consists o f
a force reflecting master and of a virtual slave, sim-
ulated in software, forming a virtual telemanipulator.
The master is the 2-dof planar manipulator shown in
Figure 7, with a 4 em? working area, cont rolled by a
laptop personal computer (I'C) [2]. Theslave is a vir-
t ual object modeled in the PPC, cont rolled int position
by the master. The master is connected to the PC via
a PCM CIAT/0 board and it communicates to the In-
ternet using a UDP-based libravy [2] that satisfies the
requit emnents for real-time Internet communication [8].
We show in Figure 8 the results of an experiment in

[ ik suvonm o & & 4R 300

Figure 7: Telerobotic system used in the experiments

which t he end effect or of the virtual slave is pushed
against a soft wall. The cont rol scheme used here is
t he stat e feedback proposed in Sect ion 3. More de-
tailed description of the experiment al system andre-
sults can be found in [13].



Master and Slave positions

55- ey ' v ' !
master -
5F I 1
T .
Eas -
I3 -
k] -
G 4r e slave
8 e
3.5 i Z.
¢ 1 2 3 4 5 € 7
Master force
O g g ey ' ) !
o
oos} 2%
z
@ - -
g 0.1 \\'\r\
= N
-0 15} Il NG
-02
1 2 3 4 3 6 7
time [s)

Figure 8: Pushing against a soft wall

6 Conclusions

We have presented in this paper two new mceth-
ods for the stabilization of telerobots in two common
configurations. This result has been obtained with
the explicit inclusion of the variable delay character-
istics. Preliminary experimental results (reported in
[13]) have confirmed the validity of the proposed solu-
t ion. For the further development of the rescarch here
summarized, it is worthnoticing that we have consid-
ered here only continuous-time systems. Master-slave
communications, instead, are usuany realized with a
digital systemsfor which it is necessary to find a time
continuous cquivalent. It has been ali cady shiown in
[13] that the digital communicationsystem (e.g. In-
ternet) has a timc-continuous equivalent, but a more
realistic approach requires the analysis of the problem
in a discrete-time framework. This will be the subject
of our future research.
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